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ABSTRACT 
A program t o  develop a cost-optimized i n s u l a t i o n  system f o r  l a r g e  s o l i d  
rocke t  motors was conducted by Aerojet-General Corporat ion under Contract  NAS3- 
11224. Four t a s k s  were der ived  t o  accomplish t h e  program ob jec t ive :  Task I, 
Survey and Screening; Task 11, Process  Demonstration; Task 111, Material P e r -  
formance Determination; and Task I V ,  P repa ra t ion  of 260-in.-dia fu l l - l eng th  
motor i n s u l a t i o n  system Design and Process  P lan .  Task I11 is t h e  s u b j e c t  of 
t h i s  volume of t h e  f i n a l  r e p o r t .  The candida te  materials s e l e c t e d  from t h e  
Task I e f f o r t  were eva lua ted  i n  f i v e  so l id -p rope l l an t  tes t  motors,  us ing  V-44 
rubber  as t h e  c o n t r o l  material. The 20-in.-dia t e s t  motors opera ted  632 t o  
654 p s i a  over a web burning du ra t ion  of 1 7 . 3  t o  17.6 sec. 
r i a l  specimens, p lus  a V-44 c o n t r o l  specimen, were t e s t e d  i n  each motor. 
I n i t i a l  Mach numbers and material th ickness  l o s s  were obta ined  from pre- and 
p o s t t e s t  p r o f i l e  measurements. P l o t s  of material th ickness  l o s s  rates as a 
func t ion  of Mach numbers provided a performance comparison of each material 
r e l a t i v e  t o  V-44. Performance r e s u l t s  a l s o  were compared t o  those  obta ined  
previously i n  t h e  Task I motor tests. Resul t s  i nd ica t ed  t h a t  IBT-100, PBT-106, 
USR-3800, IBC-111,  and IBS-107 performed b e t t e r  than  V-44. The performance of 
TI-H704B was equiva len t  t o  t h a t  of V-44, wh i l e  IBC-101, IBS-109, 40SD-80, and 
Avcoat I1 exh ib i t ed  e ros ion  r e s i s t a n c e  poorer than  t h a t  of V-44. 
agreed wi th  t h e  d a t a  obta ined  i n  Task I.  
Two candida te  mate- 
These r e s u l t s  
Thermal behavior  model p repa ra t ion  showed t h a t  a n a l y t i c a l  t rea tment  of 
i n t e r n a l  i n s u l a t i o n  thermal response no t  only provides real is t ic  estimates of 
i n s u l a t i o n  material performance, b u t  a l s o  a f f o r d s  a means of i n t e r p r e t i n g  
experimental  e ros ion  d a t a  and s c a l i n g  t h e s e  r e s u l t s  t o  l a r g e  motors,  
NASA r e p o r t  numbers and corresponding volume numbers are as fo l lows:  
CR- 7 2 5 81 Volume I 
CR-72582 Volume I1 
CR- 7 2 5 83 
CR- 7 2 5 84 
Volume I11 
Volume I V  
V 
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I. SUMMARY 
The o b j e c t i v e  of t h e  Large Motor I n s u l a t i o n  System Development (LMISD) 
Program is  t o  eva lua te  low-cost i n s u l a t i o n  materials which are a p p l i c a b l e  t o  
l a r g e  so l id-propel lan t  r o c k e t  motors. Four t a s k s  were der ived  t o  accomplish 
t h e  planned o b j e c t i v e .  Task I, which i s  descr ibed  i n  Volume I of t h i s  r e p o r t ,  
involved a survey of a v a i l a b l e  materials a p p l i c a b l e  t o  l a r g e  motors; s e l e c t i o n  
of twenty candida te  materials, inc luding  Gen-Gard V-44 and V-61 as c o n t r o l s ;  
measurement of candida te  material phys ica l ,  chemical,  mechanical, thermal ,  and 
adhesive p rope r t i e s ;  eva lua t ion  of material e ros ion  resistance i n  t h r e e  s o l i d -  
p rope l l an t  motor tests; eva lua t ion  of proper ty  measurement and motor t 
and s e l e c t i o n  of twelve materials, inc luding  V-44 c o n t r o l ,  f o r  f u r t h e r  evalua- 
t i o n  i n  Tasks I1 and 111. I n  Task 11, candida te  materials s e l e c t e d  i n  Task I 
were i n s t a l l e d  i n t o  a 54-in.-dia motor chamber. Task I11 inc ludes  material 
performance determinat ions i n  f i v e  so l id -p rope l l an t  motor tests. Task I V  i s  
t h e  p repa ra t ion  of a 260-in.-dia f u l l  l ength  motor cost-optimized i n s u l a t i o n  
system design and process  plan,  u s ing  materials s k l e c t e d  on t h e  b a s i s  of d a t a  
obtained from Tasks I1 and 111. 
The fol lowing materials were recommended f o r  performance de termina t ion  
i n  Task 111: 
Pressure-Cured T r  owe l a b  l e  Cas t a b l e  S pr  ayab l e  
V-44 ( con t ro l )  IBT-100 IBC-101 IBS-10 7 
USR-3800 IBT-106 I B C - 1 1 1  IBS-109 
T I  -H 70 4B 4OSD-80 Avcoat I1 
The fol lowing is  a summary of  t h e  i n s u l a t i o n  material specimens tested 
i n  each motor: 
S/N 111-1 S / N  111-2 S / N  111-3 S / N  111-4 S/N 111-5 
V-44 c o n t r o l  V-44 c o n t r o l  V-44 c o n t r o l  V-44 o n t r o l  V-44 c o n t r o l  
IBS-107 I B  T- 10 6 USR-3800 IBT-100 I B  C-10 1 
I B  S-109 Avcoat 11 I B C - 1 1 1  40 SD-80 TI-H704B 
Phase I of Task 111 included t h e  processing and test  of 20-in.-dia 
so l id -p rope l l an t  i n s u l a t i o n  test motors, i d e n t i c a l  t o  those  t e s t e d  i n  Task I. 
Two candida te  material specimens, p lus  a V-44 c o n t r o l ,  were i n s t a l l e d  i n t o  t h e  
a f t  c lo su re .  Pre- and p o s t t e s t  i n s u l a t i o n  specimen p r o f i l e s  were measured and 
recorded us ing  a Por tage  Layout Machine. These p r o f i l e  measurements were used 
t o  determine i n i t i a l  Mach numbers a t  t h e  specimen s u r f a c e s  and t h e  material 
th ickness  l o s s .  
F ive  Task I11 i n s u l a t i o n  test motors, i d e n t i f i e d  as S / N  111-1 through 
111-5 were test f i r e d  dur ing  February through May 1969. 
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I ,  Summary (cont)  
S/N 111-1 S / N  111-3 S/N 111-3 S/N 111-4 S/N 111-5 
Web average pressure ,  p s i a  635 632 648 645 654 
Maximum pressure ,  p s i a  644 643 665 663 673 
Web dura t ion ,  sec 17.6 17.5 17.5 17.5 17.3 
Following each test, t h e  motor w a s  v i s u a l l y  inspec ted ,  t h e  char  l a y e r  w a s  
removed, and p o s t t e s t  p r o f i l e s  were obta ined .  Using pre- and p o s t t e s t  p r o f i l e s ,  
each material th ickness  l o s s  w a s  measured a t  s p e c i f i e d  l o c a t i o n s  normal t o  t h e  
specimen su r faces .  G a s  f low Mach numbers a t  t h e  specimen s u r f a c e s  were calcu- 
l a t e d .  Thickness l o s s  rates were c a l c u l a t e d ,  and a v i s u a l  comparison of each 
candida te  material performance relative t o  V-44 w a s  ob ta ined  by p l o t t i n g  the  
th ickness  l o s s  rate as a func t ion  of Mach number, then  drawing the  most repre-  
s e n t a t i v e  l i n e  through t h e  d a t a  po in t s  f o r  each material. Material perform- 
ance relative t o  V-44 are summarized as fol lows:  
1. USR-3800 
2. IBT-100 
3. IBS-107 
4 .  I B T - 1 1 1  
5 .  IBT-106 
6. V-44 ( con t ro l )  
7 .  IBS-109 
8. IBC-101 
9 .  TI-H704B 
10. 40SD-80 
11. Avcoat I1 
The s i m i l a r i t y  between t h e  thermal decomposition behavior  of e las tomer ic  
type  materials and a b l a t i v e  p l a s t i c s  used f o r  boos te r  nozz le  t h r o a t s  sugges ts  
t h a t  a t r a n s i e n t  char r ing-abla t ion  computer program developed pr imar i ly  f o r  t h e  
l a t t e r  could be  app l i ed  t o  i n t e r n a l  i n s u l a t i o n  materials. 
was developed i n  Phase I1 t o  inc lude  a l l  energy t r a n s p o r t  processes  t h a t  occur 
i n  t h e  v i r g i n ,  decomposition, and f u l l y  charred zones; a b a s i s  f o r  p r e d i c t i o n  
of cha r  rates, e ros ion  rates and t r a n s i e n t  temperature d i s t r i b u t i o n s ;  and a 
t reatment  of t h e  s u r f a c e  r e g r e s s i o n  by combining a l l  modes of removal i n t o  a n  
" e f f e c t i v e  removal rate" which is  obta ined  from subsca le  motor f i r i n g s .  
th is  da ta ,  t oge the r  wi th  measured va lues  of thermal p r o p e r t i e s  and i n t e r n a l  
decomposition rates, provides  a means by which t h e  des igner  can scale insu la-  
t i o n  material performance t o  any motoro where t h e  l o c a l  environment can b e  
e s t a b l i s h e d  
Thus, a thermal model 
Use of 
To apply t h i s  a n a l y s i s  technique and b e t t e r  understand t h e  i n t e r n a l  
i n s u l a t i o n  response problem, cons iderable  e f f o r t  is r equ i r ed  i n  t h e  eva lua t ion  
of p rope l l an t  exhaust  gas p r o p e r t i e s ,  t h e  i n t e r n a l  flow f i e l d ,  and t h e  magni- 
tude  of t h e  convect ive h e a t  t r a n s f e r .  
each of t hese  f a c t o r s  w a s  o u t l i n e d .  
The recommended procedure f o r  eva lua t ing  
Page 2 
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I. Summary (cont)  
The adequacy of t h e  thermal model t o  p r e d i c t  e ros ion ,  char ,  and thermal 
g rad ien t s  by desc r ib ing  t h e  complicated energy t r a n s f e r ,  decomposition, and 
py ro lys i s  gas t r a n s p i r a t i o n  processes  which occur w i t h i n  t h e  i n s u l a t i o n  s t ruc -  
t u r e  w a s  i nd ica t ed  by comparison wi th  measured d a t a .  It w a s  shown t h a t  pre- 
d i c t e d  material degradat ion depths  were w e l l  w i t h i n  t h e  v a r i a t i o n a l  l i m i t s  of 
a c t u a l  p o s t t e s t  measurements over  a wide range of h e a t  f l uxes .  
thermocouple d a t a  obta ined  w i t h i n  s e l e c t e d  samples ind ica t ed  reasonable  
agreement. 
Likewise, 
Thus, i t  w a s  e s t a b l i s h e d  t h a t  a n a l y t i c a l  t rea tment  of i n t e r n a l  insu la-  
t i o n  thermal response not  only provided realist ic estimates of material 
performance, b u t  a l s o  a f forded  a means of i n t e r p r e t i n g  experimental  e ros ion  
da ta  and s c a l i n g  these  r e s u l t s  t o  l a r g e  motors. 
11. INTRODUCTION 
A .  PURPOSE OF REPORT 
This document is t h e  t h i r d  volume i n  a series of f i n a l  r e p o r t s  
dea l ing  with the  major t a s k s  of t h e  Large Motor I n s u l a t i o n  System Development 
(LMISD) Program, Contract  NAS3-11224. This  series of r e p o r t s  c o n s t i t u t e  the  
LMISD Program f i n a l  r e p o r t .  This  r epor t  summarizes i n  d e t a i l  t h e  Task I11 
e f f o r t  f o r  t h e  LMISD Program. 
B .  SCOPE OF EFFORT 
This r e p o r t  volume summarizes i n  d e t a i l  t h e  Task I11 e f f o r t  f o r  
t h e  LMISD Program. The fol lowing work w a s  accomplished: 
1. Five i n s u l a t i o n  test motors were processes  and assembled, 
inc luding  i n s t a l l a t i o n  of i n s u l a t i o n  specimens i n  t h e  motor a f t  c lo su re .  
2. F ive  LMISD test motors were s t a t i c a l l y  f i r e d  t o  eva lua te  
candida te  i n s u l a t i o n  material performance. 
3. A material thermal behavior  model w a s  prepared.  
IIL. PHASE I - VERIFICATION MOTOR TESTING 
F ive  motor tests were conducted t o  eva lua te  t h e  performance of t he  t e n  
candida te  i n s u l a t i o n  materials s e l e c t e d  from t h e  Task I e f f o r t .  
materials were t e s t ed :  
The fol lowing 
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111. Phase I - V e r i f i c a t i o n  Motor Tes t ing  (cont )  
Pressure-Cured Group 
V-44 Control ,  NBR/si l ica/asbestos  
USR-3800, NBR-phenolic/boric ac id  
Trowelable Group 
IBT-100, PBAN-epoxy/Sb203/Asbestos 
IBT-106, PBAN-epoxy/Sb203/Asbestos 
TI-H704B, PBAA/carbon black/Asbestos 
Cas tab l e  Group 
IBC-10 1, PB AN-epoxy / Sb 203 /Asbestos 
I B C - 1 1 1 ,  PBAN-epoxy/Refrasil 
40SD-80, Polyurethane 
Sprayable Group 
IBS-10 7 ,  CTPB /Sb 203/S i l i c a  
IBS-109, PBAN- epoxy/Sb203/Asbestos 
Avcoat 11, Epoxy-polyamide 
A. TEST MOTOR CONFIGURATION 
The LMISD test motor conf igu ra t ion  f o r  Task I11 w a s  t h e  same as 
t h a t  used i n  Task I.  However, only th ree  i n s u l a t i o n  material specimens were 
evaluated i n  each motor i n s t ead  of e i g h t  specimens. The test motor configura-  
t i o n  is  shown i n  Figure 1. 
The Task I11 motor test p l an  requi red  f i v e  motor f i r i n g s ,  wi th  two 
The 
The Task I11 mate- 
i n s u l a t i o n  material specimens p lus  a V-44 c o n t r o l  specimen i n  each motor. 
planned material specimen l o c a t i o n s  are shown i n  F igure  2 .  
r i a l  specimens included thermocouples f o r  temperature  measurements dur ing  t h e  
tes t .  
so t h a t  exposure occurred near web burnout .  
area r a t i o  of approximately 2.2, as shown i n  F igure  3.  For t h e s e  experiments,  
t h e  pre- and p o s t t e s t  specimen p r o f i l e s  were measured wi th  a Portage Layout 
Machine, as previous ly  descr ibed  i n  Volume I of t h i s  f i n a l  r e p o r t ,  and recorded 
on a d a t a  s h e e t  l i k e  t h e  one shown i n  F igure  4 .  The p r o f i l e s  of each specimen 
i n  each motor were measured i n  t h r e e  l o c a t i o n s .  The c e n t e r l i n e  of each of t h e  
t h r e e  specimens i n  each c l o s u r e  loca t ed  a t  0 ,  120, and 240 degrees ,  wi th  t h e  
V-44 c o n t r o l  specimen always loca ted  a t  0 degrees ,  as shown i n  F igure  2 .  Each 
specimen p r o f i l e  w a s  measured a t  0,  120,  and 240 degrees ,  and a t  45 degrees  on 
each s i d e  of t h e  specimen s u r f a c e .  
Each chromel-alumel thermocouple w a s  ranged from 0 t o  2500"F, and loca ted  
Thermocouples were i n s t a l l e d  a t  a n  
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1 I I . A .  T e s t  Motor Configurat ion (cont)  
The fol lowing t a b l e  shows t h e  materials t h a t  were eva lua ted  i n  each 
motor: 
Location, 
degrees S/N 111-1 S / N  111-2 S/N 111-3 S/N 111-4 S/N 111-5 
0 V-44 c o n t r o l  V-44 c o n t r o l  V-44 c o n t r o l  V-44 c o n t r o l  V-44 c o n t r o l  
75 N/A N/A N/A IBT-106 N/A 
120 IBS-109 IBS-107 IBT- 106 US R-3800 IBT-100 
16 5 N /A N/A N/A IBT-100 N/A 
240 IBC-101 Avcoat I1 I B C - 1 1 1 G  40SD-80 T I  -H 7 0 4B 
285 N/A N/A I B  C- 111 N/A N/A 
For c l a r i t y ,  ske tches  of t h e  specimen l o c a t i o n s  i n  each motor are shown i n  
Figure 5. I n  Motor S/N 111-3, two formulat ions of I B C - 1 1 1  w e r e  t e s t e d .  The 
formulat ion i d e n t i f i e d  as I B C - 1 1 1 G  used 0.25-in.-long commercial R e f r a s i l  f i b e r s  
which were processed through a Mikropulverizer p r i o r  t o  mixing. 
ta ined  R e f r a s i l  f i b e r s  which were processed i n  a Waring Blender with DER cur ing  
agent  p r i o r  t o  ba tch  mixing. Both formulat ions were t e s t e d  t o  determine i f  t h e  
processing method a f f e c t e d  material e ros ion  performance. 
t h e  USR-3800 specimen w a s  f a b r i c a t e d  from 0.1- in . - thick p l i e s  of r a w  s t o c k .  
Two 16-in.-long by 2.0-in.-wide by 1.0-in.-thick b a r s  w e r e  layed-up and cured,  
using vacuum bag and au toc lave  cu re  method. 
p o t t i n g  materials around t h e  USR-3800, s o  t h a t  a d d i t i o n a l  performance d a t a  w e r e  
obtained f o r  t hese  materials. 
I B C - 1 1 1  con- 
I n  Motor S / N  111-4, 
IBT-100 and IBT-106 were used as 
B .  TEST RESULTS 
1. Motor Performance 
The f i v e  Task I11 LMISD motors were test f i r e d  s u c c e s s f u l l y  
A b a l l i s t i c  performance summary of a l l  LMISD motors f i r e d  
and nominal performance w a s  ob ta ined .  
shown i n  Appendix I.  
i n  t h e  program is shown i n  F igure  6 .  
Bal l is t ic  pressure-vs-time curves are 
2. Material Performance 
Pre- and p o s t t e s t  specimen p r o f i l e s  f o r  each material a t  
t h r e e  r a d i a l  l o c a t i o n s  i n  each motor are presented i n  Appendix 11. 
Using t h e  pre- and p o s t t e s t  p r o f i l e s  shown i n  Appendix 11, 
each material th ickness  l o s s  w a s  measured a t  23 s p e c i f i e d  l o c a t i o n s  normal t o  
t h e  specimen su r face ,  as shown i n  Figure 4 .  The i n i t i a l  area r a t i o  (A/A*) and 
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i n i t i a l  Mach number a t  each of t h e  23 l o c a t i o n s  i n  each c l o s u r e  were c a l c u l a t e d  
from the  recorded p r o f i l e s .  
t h e  measured th ickness  l o s s  a t  each l o c a t i o n  by the  web burning d u r a t i o n  f o r  
each motor, I n i t i a l  Mach numbers a t  t h e  specimen su r face ,  th ickness  l o s s e s ,  
and ca l cu la t ed  th ickness  l o s s  rates are summarized i n  Figures  7 through 11. 
Thickness l o s s  rates were c a l c u l a t e d  by d iv id ing  
I n  an  e f f o r t  t o  compare v i s u a l l y  the  relative e ros ion  resist- 
ances  of t h e  candida te  materials, t h e  measured th ickness  l o s s  rates a t  t h r e e  
l o c a t i o n s  measured f o r  each material are p l o t t e d  as a f u n c t i o n  of t h e  i n i t i a l  
Mach number a t  t h e  specimen s u r f a c e  f o r  each motor i n  F igures  1 2  through 16 .  
These graphs are no t  intended as a material des ign  guide,  b u t  only t o  show t h e  
re la t ive performance of each specimen, and were prepared by p l o t t i n g  t h e  TLR- 
vs-Mach number d a t a  summarized i n  Figures  7 through 11, then  drawing t h e  most 
r e p r e s e n t a t i v e  l i n e  through t h e  d a t a  po in t s  a t  t h e  t h r e e  l o c a t i o n s  f o r  each 
material. Performance of some of t he  materials i n  Task 111 motors var ied  from 
t h e  performance previous ly  observed i n  Task I motors,  p a r t i c u l a r l y  i n  t h e  per- 
formance of V-44 c o n t r o l  material. On t h e  o t h e r  hand, most of t h e  material 
performances were similar.  To h i g h l i g h t  some of t he  d i f f e r e n c e s  t h a t  w i l l  be  
discussed,  g raph ica l  comparisons of th ickness  l o s s  r a t e - v s - i n i t i a l  Mach number 
d a t a  f o r  materials t e s t e d  i n  Task I and I11 motors are shown i n  F igure  1 7  
through 21. 
The e ros ion  ra te  of t h e  V-44 c o n t r o l  v a r i e d  between Task I and 
Task I11 motors, as shown i n  the  fol lowing tab le :  
Calculated Thickness Loss Rates, i n . / s e c  I n i t i a l  
Mach No. S/N 1-1 S/N 1-2 S/N I-3A S/N 111-1 S/N 111-2 S/N 111-3 S/N 111-4 S/N 111-5 
- 0" 45"&315" 
.05 .009 -008 ,009 .011 .007 .007 .011 .008 ,009 
.10 ,015 ,011 .013 .022 .021 .019 ,023 .021 ,020 
.15 .022 018 ,014 .031 .031 .024 .031 ,030 .026 
* 20 ,027 ,019 .016 * .036 ,028 .037 ,036 ,031 
.25 .032 .022 ,018 * .042 .031 .039 ,040 ,034 
* The O.S-in.-thick V-44 specimen w a s  eroded away a t  l o c a t i o n s  a f t  of t h e  0.15 
Mach number reg ion ,  thus  exposing p o t t i n g  material. 
I n  Task 111 motors, t h e  V-44 e ros ion  rate gene ra l ly  w a s  h ighe r  
than  i n  previous Task I motors. This  was a t t r i b u t e d  t o  t h e  th inne r  p l i e s  o f  
V-44 used t o  b u i l d  up t h e  Task I11 c o n t r o l  specimen. I n  Task I motors, t he  V-44 
specimen was f a b r i c a t e d  wi th  0.5-in.-thick cured shee t s  bonded toge the r  with 
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epoxy adhesive.  A s  a r e s u l t ,  t h e  i n i t i a l  bondl ine w a s  0.5-in.  away from t h e  
s u r f a c e  exposed t o  e ros ion .  
0.5-in.-thick specimen i n  S / N  111-1 and 111-2. Apparently,  V-44 e ros ion  was 
a c c e l e r a t e d  as t h e  bondl ine l a y e r s  were weakened by t h e  approaching flame 
f r o n t .  This  same bondl ine-accelerated V-44 e ros ion  p a t t e r n  w a s  observed i n  
t h e  performance of s idewa l l  i n s u l a t i o n  i n  Motor 260-SL-1. For t h i s  reason,  
t h r e e  0.1-in.-thick p l i e s  were used i n  260-SL-2, and a s i n g l e  0 .2- in . - thick 
p ly  w a s  used i n  260-SL-3. 
0.1-in.-thick p l i e s  were used t o  f a b r i c a t e  t h e  
A s  shown i n  t h e  foregoing t a b l e ,  t h e  S/N 111-2 V-44 specimen 
The second p a t t e r n ,  
had two d i s t i n c t  e ros ion  p a t t e r n s .  The f i r s t  p a t t e r n ,  measured a t  0 degree,  
w a s  much l i ke  t h e  performance observed i n  S/N 111-1. 
measured a t  45 and 315 degrees ,  w a s  c l o s e  t o  t h e  V-44 performance observed i n  
Motor S/N 1-1. 
V-44 specimens f o r  Motor S/N 111-3, -4, and -5, were f a b r i c a t e d  
wi th  t h r e e ,  0.2-in.-thick p l i e s  of cured s h e e t s  which were r e s i d u a l  from t h e  
260-SL-3 program. 
f a i r l y  c o n s i s t e n t .  
The f i r s t  p a t t e r n  w a s  observed i n  Motor S/N 1-1 and a t  45 and 315 degrees i n  
Motor S/N 111-2.  
111-4, and 111-5, and a t  zero degrees  i n  Motor S/N 111-2. A t h i r d  p a t t e r n ,  
which w a s  d i f f e r e n t  from t h e  two foregoing p a t t e r n s ,  w a s  measured i n  Motor 
S/N 1-2 and I-3A.  There is no apparent  reason f o r  t h e  t h r e e  observed e ros ion  
p a t t e r n s .  A s  discussed i n  t h e  Requirement/Capabili ty Analysis  s e c t i o n ,  Volume 
I V  of t h i s  f i n a l  r e p o r t ,  t h e  one-sigma th ickness  l o s s  rate v a r i a t i o n  observed 
f o r  V-44 rubber  i n  P o l a r i s ,  Minuteman, e tc . ,  is 15  pe rcen t ,  The V-44 perform- 
ance d a t a  obta ined  i n  t h e  LMISD test motors exceeded t h i s  va lue ,  i n d i c a t i n g  
t h a t  e i t h e r  t h e r e  w a s  a s i g n i f i c a n t  v a r i a t i o n  i n  t h e  c u r e  hardness  of t h e  spec i -  
mens o r  t h e  small nozz le  s i z e  adverse ly  a f f e c t e d  t h e  th ickness  loss ra te  
v a r i a t i o n .  
The V-44 e ros ion  performance i n  t h e s e  t h r e e  motors w a s  
There appears t o  b e  t h r e e  d i s t i n c t  b-44 e ros ion  p a t t e r n s .  
The second p a t t e r n  w a s  cons i s t en t  i n  Motors S/N 111-1, 111-3, 
Performances of t he  candida te  i n s u l a t i o n  materials are d i s -  
cussed i n  t h e  fol lowing paragraphs.  
a .  IBC-101 and IBS-109 (Motor S/N 111-1) 
Comparisons of t hese  material performances are shown i n  
F igure  1 7  and i n  t h e  fo l lowing  t ab le :  
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IBC-101 I B  S -109 
TLR, i n . / s e c  TLR, i n . / s e c  I n i t i a l  
Mach No. S/N 1-1 S/N 111-1 S/N 1-1 S/N 111-1 
0.05 0.011 0.014 0.011 0.013 
0.10 0 .019 0.028 0.018 0.027 
0.15 0.031 0.038 0.027 0.036 
0.20 0,041 0.044 0.030 0.042 
0.25 0.045 0.045 0.029 0.044 
For both  materials, t h e  measured performance i n  theTask I11 motor w a s  b e t t e r  
than t h a t  i n  Task I, which a l s o  was t h e  case  f o r  t h e  V-44 c o n t r o l .  However, 
t h e  performance of each material r e l a t i v e  t o  t h e  V-44 c o n t r o l  was reasonably 
c o n s i s t e n t .  It is  concluded t h a t  t h e  e ros ion  rate of IBC-101 and IBS-109 
exceeds t h a t  of V-44 by approximately 10 t o  20 percent .  
b. Avcoat I1 and IBS-107 (Motor S /N  111-2) 
Comparisons of t h e s e  material performances are shown i n  
F igure  18 and i n  t h e  fol lowing t a b l e :  
Avcoat I1 
TLR, i n . / s e c  I n i t i a l  
Mach No. S/N 1-2 S/N 111-2 
0 .05 0,015 0.011 
0.10 0.031 0.040 
0.15 0,046 0.048 
0.20 0.055 0.055 
0.25 - 0.056 
IBS-107 
TLR, i n . / s e c  
S/N 1-1 S/N 111-2 
0.006 0.008 
0.009 0.013 
0.013 0.016 
0.018 0.018 
0,023 0.019 
The e ros ion  rate of Avcoat I1 c o n s i s t e n t l y  w a s  200 t o  300 
percent  g r e a t e r  than V-44. For t h i s  reason,  Avcoat I1 w a s  e l imina ted  as a can- 
d i d a t e  material, and a Task I1 process  eva lua t ion  was no t  conducted. This  mate- 
r ial  is more s u i t a b l e  f o r  e x t e r n a l  i n s u l a t i o n  a p p l i c a t i o n s ,  such as base-heat ing 
i n s u l a t i o n ,  where gas  flow rates are low (<0.01 Mach number). 
IBS-107 performance exceeded t h a t  of V-44 by 25 t o  50 per- 
This  material would b e  a prime candida te  i n s u l a t i o n  material i f  t h e  pro- c e n t .  
ce s s ing  problems involved i n  spray  a p p l i c a t i o n  were overcome. 
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c. I B C - 1 1 1  and IBT-106 (Motor S / N  111-3) 
Comparisons of t h e s e  material performances are 
Figure  19 and i n  t h e  fo l lowing  t ab le :  
I B C - 1 1 1  IBT-106 
TLR, i n . / s ec  TLR, i n . / s e c  I n i t i a l  
NO. S / N  1-2 
0.05 0.007 0.007 0.014 0.010 0.009 
0.10 0.008 0 . o n  0.017 0.015 0.016 
0.15 0.010 0.015 0.018 0.020 0.022 
0.20 0.014 0.019 0.018 0.025 0.028 
0.25 0.025 0.024 0.019 0.028 0,033 
IBT-106 a l s o  w a s  evaluated i n  Motor S/N 111-4, and com- 
pa r i son  of material performance i n  Motors S / N  111-3 and 111-4 are included i n  
F igure  20. 
than  t h a t  f o r  V-44. 
IBT-106 e ros ion  r e s i s t a n c e  was approximately 25 percent  b e t t e r  
There was no measurable performance d i f f e r e n c e  between 
I B C - 1 1 1  material processed wi th  ground and unground commercial R e f r a s i l .  
performance of I B C - 1 1 1  a l s o  w a s  approximately 25 percent  b e t t e r  than  V-44 
c o n t r o l  performance. 
The 
d.  40SD-80 and USR-3800 (Motor S / N  111-4) 
Comparisons of t h e s e  material performances are  shown i n  
F igure  20 and i n  t h e  fo l lowing  tab le :  
40SD-80 USR- 380 0 
TLR, i n . / s e c  TLR, i n . / s e c  I n i t i a l  
Mach No. S / N  1-2 S/N 111-4 S/N I-3A S/N 111-4 
0.05 0.013 0.015 0.004 0.004 
0.10 0,023 0.029 0.004 0.006 
0.15 0.033 0.031 0.005 0.003 
0.20 0.035 0.032 0.005 0.003 
0.25 I 0.033 0.006 0.002 
High material e ros ion  was experienced by 40SD-80 i n  rela- 
t i v e l y  low gas v e l o c i t y  r eg ions  (<0.15 Mach No. )  A s  a r e s u l t ,  t h e  area r a t i o s  
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were increased  t o  such a n  e x t e n t  t h a t  f u r t h e r  th ickness  l o s s  was minimal. 
This  accounts  f o r  t h e  break  i n  t h e  TLR-vs-Mach number curves  a t  a Mach number 
of approximately 0.10. 
materials t e s t e d ,  b u t  w a s  most pronounced wi th  40SD-80. The high e ros ion  rate, 
p a r t i c u l a r i l y  a t  low Mach numbers, makes 40SD-80 a less d e s i r a b l e  material f o r  
l a r g e  motor i n s u l a t i o n  system a p p l i c a t i o n s .  
This  cond i t ion  w a s  t r u e  i n  varying degrees  wi th  a l l  
Pressure-cured USR-3800, l i k e  V-61, exh ib i t ed  except iona l  
e ros ion  r e s i s t a n c e ,  and, a l s o  l i ke  V-61, con ta ins  a h igh  percentage of b o r i c  
a c i d  f i l l e r ,  Materials wi th  h igh  b o r i c  a c i d  f i l l e r  concent ra t ions  experience 
weight-gain and subsequent swel l ing  due t o  moisture  absorp t ion .  I n  t h e  LMISD 
program, i t  was necessary t o  quench t h e  motor a f t e r  each test, thus  exposing 
USR-3800 and V-61 t o  h igh  moisture  environments. The a c t u a l  e ros ion  rates then  
were masked t o  a c e r t a i n  degree by material swel l ing .  Data from s t o p - s t a r t  
motor tests, where combustion te rmina t ion  w a s  accomplished by r a p i d  depressur i -  
z a t i o n  r a t h e r  than  by water quench, show t h a t  t h e  performance of USR-3800 is 
approximately 100 percent  b e t t e r  than  V-44. 
e. TI-H704B and IBT-100 (Motor S/N 111-5) 
Comparisons of t hese  material performances are shown i n  
F igure  2 1  and i n  t h e  fol lowing t ab le :  
TI-H704B IBT-100 
TLR, i n . / s e c  TLR, i n . / s e c  I n i t i a l  
Mach No. S/N I-3A S/N 111-5 S/N 1-1 S/N 111-4 S/N 111-5 
0.05 O,009(est) 0.010 0.006 0.006 0.009 
0.10 0.021 0.023 0.012 0.009 0,016 
0.15 0.040 0.030 0.017 0.012 0.021 
0.20 0,052 0.036 0.018 0,014 0.025 
0.25 I 0.042 0.018 0.016 0.028 
When t h e  r e s u l t s  of t h e  f i r s t  motor test inc luding  T I -  
H704B were analyzed, i t  was suspected t h a t  t h e  p r o p e r t i e s  of t h e  TI-H704B 
sample rece ived  f o r  Task I eva lua t ion  were not  i n d i c a t i v e  of t h i s  material. 
The measured t e n s i l e  s t r e n g t h  and Shore A hardness  were 123 p s i  and 31, re- 
spec t ive ly .  This  t e n s i l e  s t r e n g t h  va lue  was lower than  t h e  175 p s i  r epor t ed  
by t h e  s u p p l i e r .  This  conclus ion  w a s  v e r i f i e d  i n  Task 111, as shown i n  t h e  
foregoing t a b l e .  The th ickness  l o s s  observed i n  Motor S/N 111-5 more nea r ly  
approached t h e  performance r epor t ed  by t h e  s u p p l i e r .  
Page 10 
NASA CR-72583 
1 I I . B .  T e s t  Resul t s  (cont )  
Performance of IBT-100 was from 50 t o  100 percent  b e t t e r  
The per- 
than  t h a t  f o r  V - 4 4 .  
260-SL-3 and i n  t h e  s t o p - s t a r t  motor i n s u l a t i o n  development program. 
formance c h a r a c t e r i s t i c s  of IBT-100 make t h i s  material a prime candida te  f o r  
l a r g e  motor dome and nozzle  i n s u l a t i o n .  
This  same performance r e l a t i o n s h i p  w a s  observed i n  Motor 
I V  . PHASE I1 - THERMAL BEHAVIOR OF INTERNAL INSULATIONS 
I n  genera l ,  t h e  s o l i d  p rope l l an t  motor des igner  i s  faced wi th  t h e  
problem of de f in ing  t h e  i n t e r n a l  i n s u l a t i o n  type  and amount f o r  a wide v a r i e t y  
of motors, ope ra t ing  condi t ions  and/or  environments. The c r i t e r i a  upon which 
t h i s  choice must be  made depend p r imar i ly  on t h e  type of motor; i . e . ,  end 
burner ,  s t o p - s t a r t  c a p a b i l i t y ,  dura t ion ,  p rope l l an t  type,  chamber pressure ,  e tc .  
Each of t hese  r e q u i r e  d i f f e r e n t  cons idera t ions ;  f o r  example, i t  is recognized 
t h a t  upper s t a g e  motors are r e l a t i v e l y  s e n s i t i v e  t o  weight p e n a l t i e s  thus  insu-  
l a t i o n  th ickness  and p rope l l an t  loading  become important items. 
of case  i n s u l a t i o n  f o r  boos te r  motors, i t  is  recognized t h a t  r e s i d u a l  weight is 
of lesser importance than  c o s t  o r  ease of f a b r i c a t i o n .  Thus, t h e  need f o r  a 
r igorous  eva lua t ion  of i n s u l a t i o n  requirements,  such as t ape r ing  o r  contouring 
t o  r e f l e c t  t h e  du ra t ion  of exposure i n  l o c a l  areas and minimizing i n s u l a t i o n  
case  ope ra t ing  temperatures,  i s  not  abso lu t e ly  necessary,  and as per  t h e  c u r r e n t  
p r a c t i c e ,  t h e  i n s u l a t i o n  i s  designed with a l a r g e  s a f e t y  f a c t o r  included.  On 
t h e  o the r  hand, due t o  t h e  l a r g e  q u a n t i t i e s  of i n s u l a t i o n  used i n  boos te r  motors, 
cons ide ra t ion  of t h e  c o s t  per  pound and t o t a l  c o s t  of material r e q u i r e  t h a t  t h e  
" f ac to r  of s a f e t y "  not be  excess ive .  I n  a d d i t i o n ,  t h e  i n s u l a t i o n  type and amount 
requi red  f o r  boos t e r  motors obviously must b e  eva lua ted  and sca l ed  from subsca le  
f i r i n g s .  I n  each case, e s p e c i a l l y  f o r  t h e  purpose of s c a l i n g  subsca le  da t a ,  
t h e r e  i s  a need f o r  desc r ib ing  a n a l y t i c a l l y  the  thermal response of i n t e r n a l  
i n s u l a t i o n  when exposed t o  t h e  l o c a l  environment of l a r g e  boos te r  motors. This 
model must inc lude  p r e d i c t i o n  techniques which encompass a l l  modes of h e a t  t r ans -  
f e r ,  i .e . ,  conduction, convect ion and r a d i a t i o n ,  as w e l l  as the  mass t r a n s f e r  of 
decomposition products away from exposed s u r f a c e s ,  
I n  the  des ign  
Appendix I11 summarizes t h e  f ind ings  of a n  a n a l y t i c a l  s tudy  of e las tomer ic  
i n s u l a t i o n  performance conducted i n  support  of t h e  LMISD Program. The computer 
techniques which can be  u t i l i z e d  f o r  eva lua t ing  i n t e r n a l  i n s u l a t i o n  designs are 
discussed and comparison of p red ic t ed  and a c t u a l  f i r i n g  r e s u l t s  presented .  This  
information has  been d iv ided  i n t o  fou r  main ca t egor i e s :  
Heat f luxes  o r  environment - - 
- Thermal behavior  
Data reduct ion  _. 
- Thermal response c a l c u l a t i o n s  
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The f i r s t  p e r t a i n s  t o  t h e  l o c a l  environments t o  which i n e r n a l  i n s u l a t i o n  mate- 
rials are exposed. Important criteria inc lude  g a s - p a r t i c l e  flow f i e l d ,  convec- 
t i o n ,  r a d i a t i o n  and t h e  in f luence  of ox ide  p a r t i c l e  impaction. Secondly, t h e  
a n a l y t i c a l  t rea tment  of i n t e r n a l  response of t h e  i n s u l a t i o n  t o  t h e  environment 
is  discussed.  Method of p r e d i c t i n g  e ros ion ,  cha r  growth and thermal p r o f i l e s  
both dur ing  and subsequent t o  t h e  exposure t i m e  are o u t l i n e d .  Thi rd ,  t h e  d a t a  
reduct ion  of l abo ra to ry  experiments,  such as thermal proper ty  measurements and 
thermo-gravimetric ana lyses ,  p l u s  t h e  u t i l i z a t i o n  of e r o s i o n  rates obta ined  
from a c t u a l  f i r i n g s ,  are d iscussed .  
t o  both material proper ty  measurements and t h e  methods of a c q u i s i t i o n  f o r  i nc lu -  
s i o n  i n t o  t h e  a n a l y t i c a l  model are ou t l ined .  
s e v e r a l  candida te  materials when exposed t o  t h e  above environment are predic ted  
and p e r t i n e n t  r e s u l t s  d i scussed .  This inc ludes  t h e  i n t e r n a l  hea t - t r ans fe r  mech- 
anism as w e l l  as the  i n t e r a c t i o n s  of chemical and/or mechanical material removal 
a t  t h e  su r face .  
Techniques which provide real is t ic  meaning 
Fourth,  t h e  thermal response of 
Based on t h e  d i scuss ion  of t h e  thermal response p r e d i c t i o n s  f o r  boos te r  
motor i n t e r n a l  i n s u l a t i o n s  presented  i n  Appendix 111, t h e  fol lowing comments 
are noted. 
The s i m i l a r i t y  between t h e  thermal decomposition behavior  of e l a s tomer i c  
type  materials and a b l a t i v e  p l a s t i c s  used f o r  boos t e r  nozz les  sugges ts  t h a t  a 
t r a n s i e n t  char r ing-abla t ion  computer program which has  been developed p r imar i ly  
f o r  t h e  l a t te r ,  could l i kewise  be  appl ied  t o  i n t e r n a l  i n s u l a t i o n  materials. 
Thus, a thermal model has  been developed t o  inc lude  (1) a l l  energy t r a n s p o r t  
processes  t h a t  occur i n  t h e  v i r g i n ,  decomposition and f u l l y  char red  zones, 
(2) a b a s i s  f o r  p r e d i c t i o n  of char  rates, e ros ion  rates and t r a n s i e n t  tempera- 
t u r e  d i s t r i b u t i o n s ,  and (3) a treatment  of t h e  s u r f a c e  r e g r e s s i o n  by combining 
a l l  modes of removal i n t o  an  " e f f e c t i v e  removal rate" which is obta ined  from 
subsca le  motor f i r i n g s .  U s e  of t h i s  d a t a ,  t oge the r  wi th  measured va lues  of 
thermal p r o p e r t i e s  and i n t e r n a l  decomposition rates, provides  a means by which 
t h e  des igner  can scale i n s u l a t i o n  material performance. to  any motor where t h e  
l o c a l  environment can  be  e s t ab l i shed .  The procedure is  t o  eva lua te  a s c a l i n g  
f a c t o r ,  B ' ,  which relates t h e  measured r eg res s ion  rates f o r  a p a r t i c u l a r  mate- 
r i a l  w i t h  t h e  magnitude of t h e  l o c a l  thermal environment. It is  assumed t h i s  
parameter remains i n v a r i a n t ,  no t  only f o r  a wide range of h e a t  f l uxes  w i t h i n  a 
g iven  motor, b u t  a l s o  over a similar range of va lues  between d i f f e r e n t  motors. 
To apply t h i s  a n a l y s i s  technique and b e t t e r  understand t h e  i n t e r n a l  
i n s u l a t i o n  response problem, cons iderable  e f f o r t  is requi red  i n  t h e  eva lua t ion  
of p rope l l an t  exhaust gas p r o p e r t i e s ,  t h e  i n t e r n a l  flow f i e l d ,  and t h e  magni- 
tude  of t h e  convect ive h e a t  t r a n s f e r .  The recommended procedure f o r  eva lua t ing  
each of t h e s e  f a c t o r s  i s  o u t l i n e d .  However, a l t e r n a t e  o r  s i m p l i f i e d  techniques 
could be  used f o r  s c a l i n g  purposes provided they  are app l i ed  i n  a c o n s i s t e n t  
manner. 
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I V .  Phase I1 - Thermal Behavior of I n t e r n a l  I n s u l a t i o n s  (cont)  
The adequacy of t h e  thermal model t o  p r e d i c t  e ros ion ,  char  and thermal  
g rad ien t s  by desc r ib ing  t h e  complicated energy t r a n s f e r ,  decomposition and 
py ro lys i s  gas  t r a n s p i r a t i o n  processes  which occur w i t h i n  t h e  i n s u l a t i o n  s t r u c -  
t u r e  is ind ica t ed  by comparison wi th  measured d a t a .  It is shown t h a t  p red ic t ed  
material degradat ion depths  are w e l l  w i t h i n  t h e  v a r i a t i o n a l  l i m i t s  of a c t u a l  
p o s t t e s t  measurements over  a wide range of h e a t  f l u x e s .  Likewise, thermocouple 
da t a  obta ined  w i t h i n  s e l e c t e d  samples i n d i c a t e  reasonable  agreement. 
Thus, i t  has been e s t ab l i shed  t h a t  a n a l y t i c a l  t rea tment  of i n t e r n a l  
i n s u l a t i o n  thermal response not  only provides  r e a l i s t i c  estimates of material 
performance, b u t  a l s o  a f f o r d s  a means of i n t e r p r e t i n g  experimental  e ros ion  da ta  
and s c a l i n g  these  r e s u l t s  t o  l a r g e  motors. 
Page 13 
NASA CR-72583 
T e s t  Motor Configurat ion 
Figure 1 
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Record Sheet for Insulation Specimen Profile Measurements 
Figure 4 
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Summary of I n s u l a t i o n  Specimen Performance Data, S/N 111-2 
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Motor S/N 111-1, Thickness Loss Rate-vs-Initial Mach Number 
far IBS-109, IBC-101, and V-44 Control 
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Motor S/N 111-2, Thickness Loss Rate-vs-Initial Mach Number 
for Avcoat 11, IBS-107, and V-44 Control 
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Motor S/N 111-3, Thickness Loss  Rate-vs-Initial tlach Number 
for IBT-106, IBC-111 and 111G, and V-44 Control 
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Motor S/N 111-4, Thickness Loss Rate-vs-Initial Mach Number 
for 40SD-80, IBT-106, IBT-100, USR-3800, and V044 Control 
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Motor S/N 111-5, Thickness Loss  Rate- -vs- In i t ia l  Mach Number 
f o r  Tf-H704B, IBT-100, and V-44 Control  
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Comparison of TLR-vs--Initial Mach Number Data f o r  IBS-109, 
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Comparison of TLR-vs-Initial Mach Number Data for IBS-107, 
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Comparison of TLR-vs-Initial Mach Number Data for I3T-106, 
IBC-111,  and V-44 Controls in Motors 1-1, 1-2, and 111-3 
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Motor S/N 111-1, IBS-109 Specimen P r o f i l e  
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Motor S / N  111-1, I B C - 1 0 1  Specimen P r o f i l e  
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Motor S / N  111-2, V-44 Specimen P r o f i l e  
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Motor S/N 111-2, IBS-107 Specimen P r o f i l e  
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Motor S / N  111-2, Avcoat I1 Specimen P r o f i l e  
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Motor S/N 111-3, V-44 Specimen Profile 
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Motor S/N 111-3, IBT-106 Specimen Profile 
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Motor S/N 111-3, I B C - 1 1 1  Specimen P r o f i l e  
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Motor S/PJ 111-4, V-44 Specimen P r o f i l e  
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iYotor S/N 111-4, USR-3800, IBT-106, IBT-100 Specimen P r o f i l e s  
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Motor SIN 111-4, 40SD-80 Specimen P r o f i l e  
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Motor S/N 111-5, V-44 Specimen P r o f i l e  
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Motor S/N 111-5, INT-100 Specimen P r o f i l e  
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I. HEAT FLUXES OR ENVIRONMENT 
To provide a real is t ic  b a s i s  f o r  any thermal response i n v e s t i g a t i o n  
i t  is necessary t o  have a v a i l a b l e  c e r t a i n  d a t a  on t h e  p r o p e r t i e s  of t h e  h e a t  
t r a n s f e r  media. This  inc ludes  t h e  exhaust gas  composition i n  any reg ion  of 
i n t e r e s t ,  thermal p r o p e r t i e s  ( s p e c i f i c  h e a t s ,  thermal conduc t iv i ty ) ,  t rans-  
p o r t  p r o p e r t i e s  ( d i f f u s i o n  c o e f f i c i e n t s ,  v i s c o s i t y ) ,  and flow f i e l d  a n a l y s i s .  
A. EXHAUST GAS COMPOSITION AND TRANSPORT PROPERTIES 
For eva lua t ing  t r a n s p o r t  p r o p e r t i e s ,  use  is  made of t h e  chemical 
s p e c i e  mole f r a c t i o n  d a t a  generated by a n a l y t i c a l  methods. 
t h e  gas  composition f o r  t h e  boos te r  p r o p e l l a n t  ANB-3254. 
wi th  t h e  l o c a l  p re s su re  and temperature of t h e  mixture  i n  t h e  chamber, are 
used t o  o b t a i n  t h e o r e t i c a l  va lues  of s p e c i f i c  h e a t ,  abso lu t e  v i s c o s i t y ,  ther -  
m a l  conduct iv i ty ,  P r a n d t l  number and d i f f u s i o n  c o e f f i c i e n t s .  The p a r t i c u l a r  
program and method of ob ta in ing  these  p r o p e r t i e s  r ep resen t  a r igo rous  devel- 
opment of t h e  k i n e t i c  theory ofmonoatomic molecules.  The development of t h i s  
theory (Reference 1) cons iders  t h e  p o t e n t i a l  energy of i n t e r a c t i o n  between t h e  
c o l l i d i n g  molecules t o  b e  def ined f o r  s imple non-polar molecules by t h e  Leonard- 
Jones p o t e n t i a l .  This method i s  f i r s t  appl ied  t o  each i n d i v i d u a l  s p e c i e  t o  
o b t a i n  t h e  v i s c o s i t y  and thermal conduct iv i ty  f o r  t h e  pure  gases .  Subsequently,  
t hese  d a t a  are modified by the  use  of combining l a w s  which are aga in  der ived  
from k i n e t i c  theory app l i ed  t o  multi-component gas mixtures  (I). The r e s u l t s  
f o r  t h e  t r a n s p o r t  c o e f f i c i e n t s  obtained by t h i s  method apply s t r i c t l y  t o  gases  
without  i n t e r n a l  degrees of freedom. Since t h e  i n t e r n a l  s t r u c t u r e  of a mole- 
c u l e  w i l l  i n f luence  t h e  t r a n s p o r t  of energy, t h e  primary e f f e c t  w i l l  be  i n  t h e  
va lue  of thermal conduct iv i ty .  Thus, any a d d i t i o n a l  c o r r e c t i o n  is  subsequent ly  
appl ied  t o  t h e  thermal conduc t iv i ty  t o  t ake  i n t o  account t h e  i n t e r n a l  s t r u c t u r e  
of t h e  molecules.  The second f a c t o r  i s  o f t e n  r e f e r r e d  t o  as t h e  "Eucken" 
co r rec t ion .  
F igure  1 d e p i c t s  
These d a t a ,  t oge the r  
Transport  p r o p e r t i e s  eva lua ted  i n  t h e  above manner f o r  t he  pro- 
p e l l a n t  composition of F igure  1, are t abu la t ed  below. 
Pressure ,  p s i a  500 
Temperature, OF 5626 
S p e c i f i c  h e a t ,  Btu/lb°F 0.493 
Viscos i ty ,  l b / f t  sec 0.614 x 
Thermal conduct iv i ty ,  Btu/hr°F f t  0.227 
P r a n d t l  number 0.479 
The above d a t a  r ep resen t  va lues  f o r  t h e  gas  phase only.  
oxides  are considered only i n  t h a t  they a f f e c t  t h e  chemical composition of 
t h e  gas  mixture .  
Inc lus ion  of metal 
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I. Heat Fluxes o r  Environment (cont)  
B.  PLOW FIELD ANALYSIS 
Since t h e  convect ive h e a t  t r a n s f e r  is depend l o c a l  mass 
f l u x e s  (product of l o c a l  d e n s i t y  and v e l o c i t y  component p 
t h i s  f low f i e l d  is requi red  t o  f a c i l i t a t e  thermal c a l c u l a t i o n s .  The follow- 
ing  d i scuss ion  p e r t a i n s  t o  t h e  method which i s  considered adequate  f o r  cal- 
c u l a t i n g  t h e  l o c a l  su r f ace  mass f l u x e s  i n  t h e  chamber. 
Since t h e  test motor i s  designed t o  inco rpora t e  an end-burning 
g r a i n ,  flow concent ra t ions  are e l imina ted  and t h e  i n i t i a l  f low s t r eaml ines  
are uniform and axisymmetric. Thus, t h e  use  of one-dimensional i s e n t r o p i c  
flow r e l a t i o n s h i p s  is considered app l i cab le  i n  the  reg ions  of i n t e r e s t .  This 
method i n  a d d i t i o n  t o  i t s  obvious ease of c a l c u l a t i o n  i s  noted t o  provide 
reasonable  estimates over more r igorous  methods such as p o t e n t i a l  flow theory 
i n  areas where t h e  w a l l  cu rva tu re  is  no t  excess ive .  Regions which s a t i s f y  
t h i s  cr i ter ia  are nozzles  wi th  a long gradual  approach ( b l a s t  tube)  and/or  
an en t rance  wi th  a small convergent angle .  
Since the  en t rance  of t h e  test nozz le  f a l l s  i n  t h e  category,  t h e  
assumption is  made t h a t  t h e  v e l o c i t y  and o t h e r  p r o p e r t i e s  vary  along and no t  
ac ross  s t r eaml ines .  Using t h e  mass con t inu i ty  r e l a t i o n s h i p  and t h e  f a c t  t h a t  
t h e  maximum mass flow is dependent only on t h e  upstream p res su re ,  t h e  l o c a l  
mass f l u x  becomes a func t ion  of area r a t i o  only,  
thus , 
and , (Equation 1) 
C .  HEAT TRANSFER CRITERIA 
Having discussed t h e  prel iminary d a t a  requirements,  i . e . ,  t h e  
exhaust gas composition t r a n s p o r t  p r o p e r t i e s  and t h e  l o c a l  flow f i e l d ,  t h e r e  
remains t h e  problem of e s t a b l i s h i n g  t h e  n e t  h e a t  f l u x  from t h e  two-phase, h igh  
temperature exhaust  gas  t o  t h e  exposed su r faces  of t h e  chamber. The b a s i c  
mechanism which govern t h i s  energy t r a n s f e r  can be  placed i n  t h r e e  ca t egor i e s :  
- convection from t h e  gases  
- r a d i a t i o n  f o r  metal oxides  ( p a r t i c l e s )  
- energy due t o  p a r t i c l e  impingement 
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The methods currently used to evaluate each mode of heat trans- 
fer are discussed in the following paragraphs. 
1. Convection 
The rate of heat transfer between any high-velocity fluid 
and its bounding surfaces is governed by an equation of the form, 
(Equation 2) 
TBv the 
Thus, to predict convection heat fluxes, the driving temperature, 
appropriate coefficient, 
The instantaneous wall temperature, 
puted as part of a transient thermal analysis. 
represent the unknowns that must be eva ua ed. 
usually is known or it can be com- h C y  
TW’ 
A standard approach has been adopted to evaluate the driving 
temperature. 
flow velocity is retarded as the wall is approached, an energy balance indi- 
cates the maximum temperature the surface could attain to be slightly less 
than the total temperature of the surrounding fluid. 
From the well established boundary layer concept, where the 
Since high pressure nozzle flows are usually in the turbu- 
lent regime, the driving temperature can be expressed in terms of an isen- 
tropic exponent and the local Mach number by, 
1 / 3  M2 iBL or - = i 
2 + (y -1) Pr T~~ 9 
TO 
-
0 2 + (y -1) M2 
(Equation 3)  
From this expression, it is noted that in the chamber where 
the Mach numbers are low, the temperature that should be used for convection 
analysis becomes the theoretical flame temperature. 
Q T  (Equation 4 )  T~~ 0 
The method that will be used for heat transfer coefficients 
is essentially the boundary layer growth method derived by Elliott, Bartz, 
and Silver (Reference 2). This procedure is directed toward axisymmetric 
nozzle flow: it can be applied to chambers if the internal envelope forms a 
continuous upstream extension of the nozzle. Briefly, this method considers 
the effect of pressure gradient on the simultaneous solution of the momentum 
and energy equations. 
using a one-seventh power profile of velocity and stagnation temperature, 
while skin friction and Stanton numbers are evaluated as a function of the 
boundary layer thickness by use of Van Karman’s form of the Reynolds Analogy. 
The boundary layer shape parameters are approximated 
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2 .  Radiat ion 
I n  analyzing t h e  e ros ion  and/or  temperature  p r e d i c t i o n s ,  t h e  
thermal r a d i a t i o n  between t h e  exhaust products  and t h e  exposed w a l l  can be 
neglec ted .  This  conclusion has  been s u b s t a n t i a t e d  numerous t i m e s  by com- 
par ing  a n a l y t i c a l  temperature  p red ic t ion ,  which ignores  r a d i a t i o n ,  wi th  t e m -  
pe ra tu re s  measured i n  a v a r i e t y  of rocke t  motors.  
troduced by t h i s  assumption i s  obvious i f  a simple blackbody r a d i a t i o n  i n t e r -  
change c a l c u l a t i o n  is performed f o r  a p a r t i c l e  cloud wi th  high emiss iv i ty  a t  
6000"R and a w a l l  of 4000"R. 
of 500 Btu/sec-f t2  which i s  approximately t h e  same magnitude as t h e  ho t  w a l l  
convect ive h e a t  f l uxes .  
of t h e  p o t e n t i a l  h e a t  f l u x  a c t u a l l y  occurs  i n  t h e  p a r t i c l e  cloud. 
The apparent  anomaly in-  
The r e s u l t i n g  va lue  of h e a t  f l u x  i s  on t h e  order  
From t h i s  p r e d i c t i o n ,  i t  i s  suggested t h a t  a "blocking" 
Development of t h e  a n a l y t i c a l  model and techniques f o r  calcu- 
l a t i o n  of p a r t i c l e  r a d i a t i o n  e f f e c t s  has  been completed. The s i g n i f i c a n t  
assumptions incorpora ted  i n  t h i s  model are as fol lows:  The s o l u t i o n  cons iders  
t h e  r a d i a n t  h e a t  t r a n s f e r  between t h e  p l a t e  and p a r t i c i p a t i n g  medium, and 
wi th in  t h e  medium (an a n i s o t r o p i c a l l y  s c a t t e r i n g ,  absorbing,  and emi t t i ng  
medium), convect ive hea t  t r a n s f e r  w i th in  t h e  medium and between t h e  tu rbu len t  
boundary l a y e r  and t h e  p l a t e ,  and t h e  energy balance which relates t h e  t e m -  
p e r a t u r e  g rad ien t  p a r a l l e l  t o  t he  p l a t e  wi th  t h e  h e a t  f l u x  normal t o  t h e  p l a t e .  
The r e s u l t i n g  computer program, which r ep resen t s  an a n a l y t i c a l  estimate of t h e  
n e t  absorp t ion ,  emission, and r e f l e c t i o n  p r o p e r t i e s  of t h e  ind iv idua l  p a r t i -  
cles w i t h i n  t h e  cloud,  i nd ica t ed  a sharp  temperature drop e x i s t s  near  t h e  
cooler  w a l l .  It i s  t h i s  cooled p a r t i c l e  l a y e r  t h a t  causes  t h e  r a d i a t i o n  
blocking e f f e c t  and lowers t h e  r a d i a t i o n  h e a t  f l u x  t o  a va lue  less than  1 / 2 0  of 
t h e  i so thermal  blackbody c a l c u l a t i o n .  Since t h e  added complexity of es t i -  
mating t h e  e f f e c t i v e  emit tance f o r  each a n a l y s i s  s t a t i o n  i s  no t  warranted 
because of t h e  small c o n t r i b u t i o n  i t  is  considered v a l i d  t o  ignore  t h e  r ad i -  
a t i o n  con t r ibu t ion  i n  analyzing t h e  h e a t  f l u x  t o  t h e  exposed su r faces  during 
a f i r i n g .  
3. P a r t i c l e  Impingement 
I n ' s o l i d  p r o p e l l a n t  chambers, t h e  p a r t i c l e  impingement prob- 
l e m  has not  been t r e a t e d  a n a l y t i c a l l y .  The usua l  approach i s  t o  ignore  the  
problem u n t i l  i t s  importance i s  recognized o r  u n t i l  q u a l i t a t i v e  i n d i c a t i o n s  
of t h e  problem are obtained from flow f i e l d  a n a l y s i s  and cold flow experiments.  
The a n a l y t i c a l  e f f o r t  t h a t  has  con t r ibu ted  only s l i g h t l y  
t o  t h e  understanding of t h e  impingement problem i s  t h e  de te rmina t ion  of pa r -  
t i c l e  t r a j e c t o r i e s  from a knowledge of t h e  gas  flow f i e l d .  The usua l  pro- 
cedure is t o  f i r s t  approximate t h e  gas-flow f i e l d  by any of t h e  prev ious ly  
d iscussed  methods ( p o t e n t i a l  flow, cold f low).  Then, us ing  t h e  second l a w  
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of motion and an  appropr i a t e  drag  f o r  va r ious  s i  
and d i r e c t i o n  of each ind iv idua l  i c l e  can be  tra 
p r e d i c t  l o c a l  areas of impingemen This  technique 
reg ions  could be designed t o  minimize t h e  e f f e c t s  of p a r t i c l e  impacts.  
example, i f  t h e  w a l l  cu rva tu re  i s  gradual  t h e  p a r t i c l e  impaction can then  be 
ignored. Also,  g r a i n  des ign  has  a n  important  i n f luence  on impaction. It w a s  
found, f o r  example, t h a t  c y l i n d r i c a l  p o r t s  or end-burning g ra ins  were d e s i r a b l e .  
The r o l e  of p a r t i c l e  impingement is t h e r e f o r e  l i eved  t o  be  much less import- 
a n t  than e i t h e r  t h e  r a d i a t i o n  o r  convect ion co 
For 
I n  summary, f o r  t h i s  des ign  a p p l i c a t i o n  t h e  n e t  h e a t  f l u x  t o  
t h e  i n s u l a t i o n  su r face  is  governed s o l e l y  by Equation 2 .  The l o c a l  h e a t  t rans-  
f e r  c o e f f i c i e n t ,  hc,  eva lua ted  us ing  a boundary l a y e r  growth s o l u t i o n  and one- 
dimensional flow f i e l d  is  given as a func t ion  of nozz le  a x i a l  l eng th  i n  F igure  
2 .  Also,  p resented  i n  t h i s  f i g u r e  is t h e  Mach number d i s t r i b u t i o n  which to- 
ge the r  wi th  an  i s e n t r o p i c  exponent (y = 1 . 2 )  c h a r a c t e r i z e s  t h e  flow f i e l d .  
Each of t hese  curves r ep resen t  va lues  f o r  t h e  o r i g i n a l ,  non-eroded contour  
are noted t o  vary  wi th in  i t s  test s e c t i o n  between va lues  of 40 t o  1300 Btu/hr /  
f t2 'F f o r  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  and 0.005 t o  0.40 f o r  t h e  Mach number. 
This wide range of va lues  l i kewise  provides  f o r  a wide range of t es t  d a t a  on 
material thermal performance. 
I n  a d d i t i o n ,  i t  i s  noted t h a t  by s c a l i n g  s u r f a c e  r eg res s ion  
from a c t u a l  motor f i r i n g s ,  as is done i n  t h i s  program, t h e  con t r ibu t ion  of 
r a d i a t i o n  and p a r t i c l e  impacts is  inhe ren t  i n  the  d a t a  and, accord ingly ,  w i l l  
be  included i n  any sca l ed  i n s u l a t i o n  des ign .  Thus, p a r t i c l e  e f f e c t s ,  etc. ,  
are no t  completely ignored i n  t h i s  model. 
The p a r t i c l e  m a s s  f l u x ,  however, i s  included i n  t h e  t o t a l  
mass flow of p rope l l an t  (See Equation 1). 
11. THERMAL BEHAVIOR 
Typical  i n s u l a t i o n  materials f o r  l a r g e  boos te r  a p p l i c a t i o n  are composites 
t h a t  c o n s i s t  of e l a s tomer i c  polymers and inorganic  f i l l e r s .  I n  t h e  a n a l y t i c a l  
t reatment  of such a composite, each component is  considered t o  have a f r a c t i o n  
t h a t  decomposes when i t  is heated and a r e s i d u a l  (char )  t h a t  remains a f t e r  
decomposition. I n  d i scuss ing  t h e  r o l e  of t h e  va r ious  components, i t  i s  con- 
venien t  t o  d i v i d e  t h e  material i n t o  t h r e e  d i s t i n c t  zones, which are t h e  v i r g i n  
material, t h e  decomposition zone, and t h e  f u l l y  char red  zone. I n  t h e  v i r g i n  
l a y e r ,  t h e  thermal t r a n s p o r t  phenomena are r e l a t i v e l y  simple.  S ince  tempera- 
t u r e s  are r e l a t i v e l y  low, t h e r e  are n e g l i g i b l e  changes i n  material p r o p e r t i e s  
and t h e  thermal response i s  def ined  by s imple conduction and absorp t ion  of 
s e n s i b l e  energy. 
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Within t h e  decomposition zone, t h e  material response becomes consider-  
ab ly  more complex. 
con t ro l l ed  process  t h a t  is observed t o  be  t i m e -  and temperature-dependent. 
A s  t h e  temperature  inc reases ,  t h e  decomposition a l s o  inc reases  and subsequent ly  
r e s u l t s  i n  s u b s t a n t i a l  weight loss (up t o  90% f o r  some m a t e r i a l s ) .  
The e las tomer ic  material decomposes by a k i n e t i c a l l y  
The rate a t  which t h e  d e n s i t y  of t h e  s o l i d  phase changes ( a l s o  t h e  gas  
evolu t ion  r a t e )  is obtained from t h e  rate equat ions t h a t  desc r ibe  t h e  decomposi- 
t i o n  rates of t h e  s o l i d  phase components. 
t h e  fol lowing form: 
These r e l a t i o n s  may be  w r i t t e n  i n  
A s  decomposition governed by Equation 5 begins ,  two energy t r a n s f e r  
modes are p resen t .  I n  a d d i t i o n  t o  t h e  usua l  conduction, energy i s  s i m i l a r l y  
t ranspor ted  by t h e  decomposition gases  t h a t  t r a n s p i r e  toward t h e  hea ted  sur- 
f a c e .  It is  assumed t h a t  t h e s e  py ro lys i s  gases  are i n  l o c a l  thermal e q u i l i -  
brium wi th  t h e  char .  Thus, t h e  magnitude of t h e  energy a s soc ia t ed  wi th  t h e  
i n t e r n a l  a b l a t i o n  process  is a h e a t  of decomposition and a s e n s i b l e  enthalpy 
inc rease  of t h e  gases .  I n  gene ra l ,  i t  is be l ieved  t h a t  t h e  occurrence of 
i n d i v i d u a l  r e a c t i o n s  may be s l i g h t l y  exothermic; however, i f  t h e  s e n s i b l e  
enthalpy i s  considered t o  be t h e  n e t  e f f e c t ,  t h e  decompositon zone i s  endo- 
thermic.  
In  t h e  t h i r d ,  o r  char  zone, c h a r a c t e r i s t i c s  similar t o  those i n  the  
decomposition zone can b e  expected. A s  a r e s u l t  of very  h igh  temperatures ,  
continued decomposition of organic  components and some decomposition of in -  
organic  components, such as t h e  l o s s  of occluded water i n  a sbes tos  f i l l e r s  
used i n  some material formulat ion,  w i l l  occur .  The f i n a l  product a f t e r  com- 
p l e t e  decomposition w i l l  c o n s i s t  of a low dens i ty  char  made up of carbonaceous 
r e s idue  and t h e  remaining f i l l e r  material. The modes of energy t r a n s f e r  and 
absorp t ion  w i l l  be  similar t o  those  t h a t  occur i n  t h e  decomposition zone. 
Thus f a r ,  t h e  d i scuss ion  p e r t a i n s  t o  t h e  response t h e  i n t e r n a l  s t ruc -  
t u r e  of a t y p i c a l  i n s u l a t i o n  material produces when i t  is  exposed t o  s o l i d  
p rope l l an t  exhaust products .  A s  exposure cont inues ,  s u r f a c e  material  is  l o s t  
by a process  commonly i d e n t i f i e d  as eros ion .  The r e l a t i v e  performance there-  
f o r e  becomes a measure of how w e l l  a p a r t i c u l a r  material can resist decomposi- 
t i o n  and subsequent removal. 
t o  desc r ibe  t h e  va r ious  modes of s u r f a c e  loss. These could inc lude  s u r f a c e  
Aero je t  has  adopted t h e  t e r m  "sur face  regress ion"  
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chemical r e a c t i o n s  (oxida t ion  of carbon r e s idue )  wi th  t h e  p r o p e l l a n t  exhaust  
products ,  e ros ion  from p res su re  and shea r  f o r c e s  a c t i n g  on t h e  l o w  dens 
char  l a y e r ,  s t r u c t u r a l  f a i l u r e  of t h e  char  as the r e s u l t  of thermal str 
s p a l l a t i o n  r e s u l t i n g  from p res su re  bui ldup w i t h i n  t h e  decomposition zone, and 
combinations of chemical and mechanical modes a c t i n g  on t h e  exposed s u r f a c e  
( i . e .  , p a r t i c l e  impacts) .  
To accu ra t e ly  ana lyze  and eva lua te  each material removal mode would 
b e  a formidable task. 
k i n e t i c  behavior i s  requi red  t o  formulate  a model t h a t  would c l a r i f y  t h e  abla-  
t i o n  process  s u f f i c i e n t l y .  
f o r  s u r f a c e  r eg res s ion ,  a p rov i s iona l  model is proposed. This model w i l l  in-  
c lude  a l l  energy t r a n s p o r t  processes  t h a t  occur i n  t h e  v i r g i n ,  decomposition 
and char zones suggested i n  t h e  above d i scuss ion  of t h e  phys ica l  model, a 
b a s i s  f o r  t h e  p r e d i c t i o n  of char  rates, e ros ion  rate and t r a n s i e n t  tempera- 
t u r e  d i s t r i b u t i o n s ,  and a t reatment  of t h e  s u r f a c e  r eg res s ion  by combining 
a l l  modes of removal i n t o  an  " e f f e c t i v e  removal rate", which w i l l  be  obtained 
from a c t u a l  motor f i r i n g s .  A d e t a i l e d  d i scuss ion  of t h e  proposed model fol lows.  
This is  s o  because a d e t a i l e d  knowledge of t h e  material's 
I n  l i e u  of what could be  termed a r igo rous  model 
The i n s u l a t i o n  type and amount requi red  f o r  a boos te r  motor must obvi- 
ous ly  be sca l ed  from subsca le  f i r i n g s  o r  obtained from app l i cab le  l a r g e  motor 
e ros ion  da ta .  I n  e i t h e r  case, t h e  i n s u l a t i o n  c a p a b i l i t y  is b e t t e r  understood 
i f  t h e r e  are a n a l y s i s  techniques a v a i l a b l e  t h a t  provide r e a l i s t i c  estimates of 
thermal pene t r a t ion ,  decomposition and t h e  m a s s  t r a n s f e r  of r e a c t a n t s  and pro- 
duc t s  away from t h e  exposed su r faces .  I n  t h i s  manner, t h e  i n s u l a t i o n  des igner  
can scale i n t e r n a l  i n s u l a t i o n  requirements t o  a wide v a r i e t y  of motor operat-  
i ng  condi t ions .  
The p a r t i c u l a r  type of computer program which has  been s u c c e s s f u l l y  
u t i l i z e d  p r imar i ly  f o r  eva lua t ing  nozz le  a b l a t i o n  can l i kewise  be used f o r  
e las tomer ic  type materials. This is  due t o  the fac t  t h a t ,  i n  gene ra l ,  t h e  
thermal degradat ion is  analogous t o  t h e  r e s i n  re inforced  a b l a t i v e  materials. 
Only t h e  rates of decomposition and r eg res s ion  d i f f e r .  The type of computer 
program b e s t  s u i t e d  f o r  t h i s  a n a l y s i s  is b a s i c a l l y  t h e  "Vidya" program 
descr ibed i n  Reference 3 .  This p a r t i c u l a r  program is a v a i l a b l e  t o  indus t ry  
con t r ac to r s  and as previous ly  mentioned has  been widely used f o r  ana lyz ing  
a b l a t i v e  nozzles  f o r  s o l i d  p rope l l an t  boos te rs .  A modified v e r s i o n ,  i s  
p resen t ly  being used by Aeroje t ,  t o  p r e d i c t  t h e  ra te  of material removal 
(e ros ion) ,  i n t e r n a l  degradat ion rate (char r ing) ,  and t h e  t r a n s i e n t  temperature 
d i s t r i b u t i o n s  i n  chamber i n s u l a t i o n s .  The a n a l y t i c a l  t reatment  of t hese  
q u a n t i t i e s  r e q u i r e s  f i r s t  t h a t  t h e  l o c a l  environment be  eva lua ted  a t  t h e  
exposed s u r f a c e s  ( a s  d i scussed  p rev ious ly ) .  Subsequently,  t hese  d a t a  are 
used as t h e  boundary condi t ions  t o  so lve  t h e  one-dimensional t r a n s i e n t  h e a t  
conduction equat ion.  The s o l u t i o n  of t h i s  w e l l  known r e l a t i o n s h i p  de f ines  
t h e  temperature d i s t r i b u t i o n  w i t h i n  a nonreac t ing  body. For a b l a t i v e  materials 
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that decompose in depth, additional equations must be considered to account 
for the decomposition reactions and the transpiration of the gas-phase decom- 
position products. The energy equations and the corresponding mass balance 
relations are therefore solved simultaneously by the above program. A com- 
plete derivation of the appropriate equations have been reported by several 
sources and will not be repeated here, see for example References 3 or 4 .  
The particular form of the energy equation, which contains the ratio of 
the mass transfer coefficient to the convective heat transfer coefficient 
(equivalent to Lewis Number to the 2/3 power), allows by proper choice of Lewis 
Number a relationship between heat and mass transfer. If it is assumed that 
the surface material is removed solely by a reaction characterized by a dif- 
fusion-limited process, and the Lewis Number is taken as unity, then the mass 
transfer and convective heat transfer coefficients exactly equal. The result- 
ing erosion rate then becomes proportional to the magnitude of the local heat 
transfer coefficient. 
rate as a function of local convective heat transfer coefficient, the result- 
ing slope then becomes the scaling parameter (6 With this parameter, 
it is possible to predict erosion in any motor in which the local value of 
heat transfer coefficient is accurately known. 
By plotting the -experimental surface mass regression 
/hIC). Fh 
In brief, the similarity between the thermal response of ablative 
plastics used as nozzle components and filled elastomeric type materials 
suggests that the charring-ablation program is a realistic approach to defin- 
ing the mechanism of degradation that occurs when internal insulations are 
exposed to propellant exhaust products. The data input requirements include 
experimentally determined mass transfer rates which are proportional to the 
local heat transfer, plus, internal decomposition rates which are character- 
ized by Equation 5, where the particular kinetic constants are obtained from 
thermogravimetric analysis (TGA) measurements. 
The utility of the charring-ablation program to define the mechanism 
of degradation of elastomeric materials will be discussed in the following 
sections. 
111. EXPERIMENTAL DATA REQUIREMENTS 
In order to predict the thermal response of a given material in a parti- 
cular chamber environment by the analytical methods discussed above it is nec- 
essary to have available, thermal conductivity, specific heat, density, decom- 
position rates, and mass transfer correlation. The first three are typical 
thermal properties which are required to solve the transient conduction equa- 
tion. All values are directly measurable and for a large number of elasto- 
meric material they are presented over a moderate temperature range in Phase I. 
The remaining two properties are the variables which define the total heat 
degradation characteristics of the material as discussed earlier. 
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The rate of decomposition as a func t ion  of temperature  can be expressed 
i n  t h e  form of an  Arrhenius r e l a t i o n  as given by Equation 5.  Determination of 
t h e  cons t an t s  B y  n and E' are accomplished by curve f i t t i n g  t h e  experimental  
TGA d a t a  f o r  a p a r t i c u l a r  material a t  a cons tan t  hea t ing  rate. Typical  TGA 
curves are presented  i n  (Phase I ) .  
p l o t t e d  as a func t ion  of sample temperature f o r  a hea t ing  rate of 20°c/min, 
It i s  noted t h a t  several techniques e x i s t  f o r  eva lua t ing  t h e  cons t an t s ,  see 
f o r  example Reference 5. The procedures used he re  c o n s i s t s  of an IBM-1130 COIQ- 
p u t e r  program (Reference 4 )  which passes  an equat ion of t h e  form, 
These d a t a  r ep resen t  ins tan taneous  weight 
- = - E  A n  exp [- 4') dx 
dO B 
where a = weight f r a c t i o n  r-wf/wo-wJ (Equation 6)  
through t h r e e  p o i n t s  
t i o n s  f o r  eva lua t ing  
ing  these  r e s u l t s  t o  
B = temperature rate i n  T = BO 4- To 
on t h e  experimental  TGA curve thus  providing t h r e e  equa- 
t h e  t h r e e  unknown k i n e t i c  parameters A ,  n and E ' .  
t h e  form of Equation 5 i t  i s  necessary t o  d e f i n e ,  
Apply- 
B =  
+ =  
E =  
n (Equation 7)  
E '  R 
Typical  r e s u l t s  f o r  s e v e r a l  materials are presented i n  Figures  3 t o  10. Each 
f i g u r e  con ta ins  t h e  a c t u a l  TGA d a t a  and t h e  b e s t  curve f i t  of t h e  form of 
Equation 6 .  For t h e  candida te  materials considered,  most could be reasonable  
approximated by a s i n g l e  r e a c t i o n ,  t h e  except ions being USR-3800 and TI-H704B. 
These materials exh ib i t ed  two d i s t i n c t  r e a c t i o n s  and as a r e s u l t  two sets of 
curves are requi red  t o  d e f i n e  t h e i r  o v e r a l l  decomposition rates. This i s  
accomplished by applying t h e  curve f i t  program twice wi th  the  f i n a l  weight 
of t h e  f i r s t  r e a c t i o n  def ined  as t h e  i n i t i a l  va lue  f o r  t h e  second equat ion.  
A summary of t h e  rate cons tan ts  f o r  n ine  candida te  materials are presented  
i n  Figure 11. It i s  noted t h a t  i n  o rde r  t o  use  these  d a t a  i n  t h e  charr ing-  
a b l a t i o n  program t h e  c o r r e c t i o n  f a c t o r s  given i n  Equation 7 must be app l i ed .  
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111. Experimental Data Requirements (cont)  
During t h e  LMISD Program e i g h t  motor f i r i n g s  were made f o r  t h e  purpose 
of ob ta in ing  material l o s s  rates over a wide range of flow condi t ions .  A t  
h igh  area r a t i o s  i n  t h e  a f t  c lo su re ,  t h e  flow v e l o c i t i e s  and a t t e n d a n t  shea r  
f o r c e s  a c t i n g  on t h e  s u r f a c e  are low and material l o s s  ( su r face  e ros ion)  may 
b e  small. Conversely, near  t h e  t h r o a t  t h e  char  l a y e r  is  e a s i l y  removed and 
h igh  r eg res s ion  rates w i l l  occur.  Thus, subsequent t o  a f i r i n g ,  t h e  nozz le  
is  sec t ioned ,  t h e  var ious  test  specimens are scraped t o  remove a l l  l o o s e  
ma te r ig l ,  and measurements of t o t a l  e ros ion  obtained by t h e  d i f f e r e n c e  i n  
pre- and p o s t - f i r i n g  contours .  The depth now rep resen t s  t h e  th ickness  of 
material which w a s  removed during t h e  f i r i n g  (erosion)  p lus  a p o r t i o n  of de- 
composed (char  zone) material which is formed no t  only dur ing  t h e  f i r i n g ,  b u t  
a l s o  during t h e  subsequent cool ing  per iod .  Dividing t h i s  depth by t h e  a c t i o n  
t i m e  which g ives  an  average th ickness  loss rate (TLR) does no t  r ep resen t  t h e  
t r u e  char  formation rate. This  is e s p e c i a l l y  t r u e  i n  t h e  above noted high 
area r a t i o  reg ions  where i t  can be  shown t h a t  t h e  char  rate i s  n o t  l inear  bu t  
v a r i e s  as t h e  square  r o o t  of t i m e .  This c r i t e r i o n  could in t roduce  l a r g e  
e r r o r s  i n  terms of s c a l i n g  char  rates between two motors i f  t h e  f i r i n g  dura- 
t i o n  is  less than t h a t  of t h e  motor from which t h e  d a t a  w a s  ob ta ined .  This 
s i t u a t i o n  w i l l  be  discussed f u r t h e r  i n  t h e  fol lowing paragraph. 
In  a d d i t i o n  t o  t h e  in f luence  of t h e  char  zone growth on t h e  measured 
TLR, a second c r i t e r i o n  which must be included i n  t h e  i n t e r p r e t a t i o n  of t h e  
measured d a t a  i s  t h e  v a r i a t i o n  i n  hea t ing  rate which occurs  as t h e  r e s u l t  of 
l o c a l  e ros ion .  Since t h e  t h r o a t  area is  cons t an t ,  t h e  l o c a l  area r a t i o  (Mach 
number) varies as t h e  material r eg res ses  and nea r  t he  t h r o a t  reg ion ,  t h i s  
v a r i a t i o n  could be  i n  excess  of 50%. Likewise, as noted i n  F igure  2 ,  t he  
l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t  w i l l  change by a similar va lue  s i n c e  i t  varies 
i n  a sys temat ic  manner wi th  Mach number. 
t i o n  parameter,  B ' ,  must b e  evaluated us ing  a c o n s i s t e n t  set of d a t a ,  i .e . ,  
t h e  l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t  a t  a given t i m e  and t h e  ins tan taneous  
e ros ion  rate. Since t h e  h e a t  t r a n s f e r  c o e f f i c i e n t s  are known f o r  t h e  o r i g i n a l  
contour (Figure Z), then  t h e  l o g i c a l  e ros ion  rate should be  t h e  i n i t i a l  o r  
e a r l y  t i m e  va lue  and not  t h e  TLR. To o b t a i n  t h i s  rate, t h e  fol lowing d a t a  
reduct ion  technique was used. For t h e  c o r r e l a t i o n  parameter d iscussed  prev- 
ious ly ,  i t  is assumed t h a t  t h e  va lue  remains cons tan t  f o r  a l l  h e a t i n g  rates, 
thus  , 
A s  a r e s u l t ,  t h e  proposed cor re la -  
(Equation 8) 
p c  c 
P 
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111. Experimental Data Requirements (cont) 
Since t h e  r eg res s ion  rate r ep resen t s  t h e  rate of change of t h e  l o c a l  
r ad ius  and t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  can b e  expressed as func t ion  of t h e  
r a d i u s  by : 
h ( t )  = ho (,,.’ (Equation 9 )  
‘ I  
where, ho,  is t h e  va lue  a t  a r ad ius ,  r then Equation 8 becomes, 
0, 
I n t e g r a t i n g  between the  l i m i t s  of t i m e  from zero t o ,  0 ,  g ives  
(Equation 10) 
which r ep resen t s  t h e  va lue  of t h e  l o c a l  r ad ius  a t  t i m e ,  0.  
From t h e  above d e f i n i t i o n  of t he  th ickness  l o s s  rate, i f  t h e  i n i t i a l  
r ad ius  w e r e  sub t r ac t ed  from Equation 10 and t h e  r e s u l t  d iv ided  by t h e  f i r i n g  
du ra t ion ,  0 f ,  an express ion  f o r  t h e  i n i t i a l  e ros ion  ra te  as a func t ion  of t he  
average va lue  is  obta ined ,  
no t ing  t h a t  t h e  measured e ros ion ,  A r ,  is  equal  t o  TLR x (e), then 
(Equation 11) 
(Equation 1 2 )  
The f u n c t i o n a l  r e l a t i o n s h i p  ind ica t ed  by Equation 12 i s  p l o t t e d  i n  F igure  1 2 .  
Page 11 
NASA CR-72583, Appendix 111 
111. Experimental Data Requirements (cont)  
The d a t a  reduct ion  technique f o r  eva lua t ing  t h e  mass t r a n s f e r  co r re l a -  
t i o n  parameter,  t hus  cons i s t ed  of fou r  s teps :  
1. From t h e  t o t a l  e ros ion  a t  t h e  va r ious  measurement s t a t i o n s  the  
values of A r ,  ro and Mach number are obtained.  
2.  For a given r a t i o  of (Ar/ro) a corresponding va lue  of ( i o / r 0 )  i s  
obta ined  from Figure  12. 
3 .  A t  a given r ad ius  ro, (o r  Mach number) t h e  l o c a l  h e a t  t r a n s f e r  
c o e f f i c i e n t  i s  obtained from Figure  2. This  va lue  is  s c a l e d  by p res su re  t o  
t h e  0.8 power t o  correspond t o  t h e  average p res su re  occurr ing  dur ing  t h e  
r e s p e c t i v e  f i r i n g .  
4. The r e s u l t i n g  va lue  of io from Step 2 is then  p l o t t e d  as a func t ion  
of t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  obtained i n  Step 3 .  
Typical  r e s u l t s  ob ta ined  i n  t h i s  manner f o r  V-44, IBT-100 and IBS-107 
are presented i n  F igures  13, 14, and 15,  r e spec t ive ly .  I n  t h e  case of V-44, 
a t o t a l  of 5 s e p a r a t e  f i r i n g s  are p l o t t e d .  
are noted t o  f a l l  below t h e  proposed c o r r e l a t i o n  curve.  This i s  presumably 
due t o  t h e  f a c t  t h a t  c e r t a i n  materials t e s t e d  during t h e s e  f i r i n g s  exh ib i t ed  
somewhat h igher  r eg res s ion  rates and thus  reduced t h e  h e a t  t r a n s f e r  t o  t h e  
s e l e c t e d  V-44 sample. S imi l a r  condi t ions  occurred during f i r i n g  S/N 111-4 
f o r  t h e  IBT-100 material. A s  a r e s u l t ,  t hese  d a t a  were ignored i n  de f in ing  
t h e  Cor re l a t ion  curve i n  t h a t  only t h e  h igher  e ros ion  rates were considered 
v a l i d .  From Figures  13  t o  15  and t h e  char  dens i ty  given i n  F igure  11, t h e  
r e s u l t i n g  c o r r e l a t i o n  parameters f o r  t h e  t h r e e  r e s p e c t i v e  materials were 
found t o  be: 
F i r i n g  numbers S/N 1-2 and S/N I-3A 
Cor re l a t ion  
Material Char Density - p r  Parameter - B '  
v-44 28.9 l b / f t 3  0.217 
IBT-100 35.2 0.210 
IBS-107 14.5 0.074 
With t h e s e  d a t a ,  a l l  t h e  requi red  inpu t  parameters have been e s t a b l i s h e d .  
There remains only t h e  a c t u a l  p r e d i c t i o n  of t h e  thermal response.  
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I V  . THERMAL RESPONSE CALCULATIONS 
The thermal response of t h e  t h r e e  materials w p red ic t ed  a t  fou r  
s t a t i o n s  ( f i v e  f o r  t h e  V-44) which r ep resen t  t h e  extremes i n  environment. 
The l o c a t i o n  of each s t a t i o n  is  noted i n  F igure  2 .  Due t o  t h e  wide range of 
h e a t  f l uxes ,  t h e  c o r r e l a t i o n  parameter w a s  i npu t  t o  t h e  program as a func t ion  
of temperature as depic ted  i n  F igure  16 .  This p a r t i c u l a r  form w a s  chosen on 
t h e  b a s i s  of t h e  measured s u r f a c e  l o s s  da t a .  It w a s  found t h a t  a t  low f l u x  
( a l s o  s u r f a c e  temperatures less than  3000°F) t h e  material l o s s  could be  pre- 
d i c t e d  by cons ider ing  only the  char  growth. A s  t h e  h e a t  f l u x  increased  a 
threshold  w a s  reached where t h e  measured e ros ion  exceeded t h e  p red ic t ed  char  
depth.  Thus, s u r f a c e  removal becomes important and t h e  c o r r e l a t i o n  parameter,  
B ' ,  provides  a b e t t e r  p red ic t ion .  
i s  no t  considered a s t e p  func t ion  and i n  order  t o  provide a smooth in t e rpo la -  
t i o n  curve f o r  t h e  computer t h e  d a t a  of F igure  16 w a s  used. With t h i s  model, 
t h e  r e s u l t i n g  thermal response c a l c u l a t i o n s  are presented  i n  F igures  1 7  through 
28. Figures  1 7 ,  18 and 1 9  r ep resen t  t h e  dens i ty  p r o f i l e s  ( a f t e r  complete cook- 
ou t )  which were p red ic t ed  f o r  V-44, IBT-100 and IBS-107, r e spec t ive ly .  These 
d a t a  d e p i c t  t h e  depth of t h e  v i r g i n  l a y e r ,  which is  given by the  l o c a t i o n  of 
maximum dens i ty ,  t h e  th ickness  of t h e  char  zone, reg ion  where t h e  dens i ty  
varies, and t h e  th ickness  of material eroded, i . e . ,  te rmina t ion  of d e n s i t y  
p r o f i l e .  
Since t h e  t r a n s i t i o n  between t h e  two regimes 
A s  noted previous ly ,  t h e  s u r f a c e  t reatment  p r i o r  t o  tak ing  p o s t f i r e  
measurements removes a po r t ion  of t h e  char  l a y e r .  The exac t  percentage i s  
unknown, however, f o r  t h e  purpose of comparing t h e  p red ic t ed  d a t a  wi th  measure- 
ment a dens i ty  reduct ion  of 20% was assumed. A d i r e c t  comparison of measured 
e ros ion  f o r  each a n a l y s i s  s t a t i o n  i s  presented i n  t a b u l a r  form i n  F igure  20. 
A l s o  noted are t h e  d a t a  from s e v e r a l  f i r i n g s  which i n d i c a t e  a s i g n i f i c a n t  
range of measured values  occur a t  each r e spec t ive  measurement s t a t i o n .  A 
b e t t e r  c o r r e l a t i o n  of t h e  d a t a  is  noted i n  Figure 21.  Here t h e  p red ic t ed  
pos t - f i r i ng  contour f o r  V-44 i s  presented  wi th  t h e  range of measured va lues  
superimposed. It i s  now noted t h a t  a t  a l l  s t a t i o n s ,  t h e  p red ic t ed  va lues  l i e  
w e l l  w i t h i n  t h e  range of measurements and t h e  a n a l y t i c a l  model provides  f a i r l y  
real is t ic  r e s u l t s  throughout t he  range of test da ta .  
Figures  22 and 23 r ep resen t  temperature d a t a  p red ic t ed  f o r  V-44 insu- 
l a t i o n .  The p red ic t ed  thermal g rad ien t s  of F igure  22 ( S t a t i o n  4) i n d i c a t e  
s u r f a c e  temperatures of t h e  char  a t t a i n  va lues  of 4100"R (3640'F) wi th  ambient 
va lues  be ing  reached w i t h i n  0.125 i n .  of t h e  s u r f a c e .  These d a t a  can be com- 
pared wi th  t h e  thermocouple measurement obta ined  from f i r i n g  S/N 111-1. 
Typical  i n s t a l l a t i o n  and approximate l o c a t i o n  of t h e  thermocouple w a s  shown 
previous ly  i n  F igure  3 of t h e  main r e p o r t  t e x t .  Since t h e  inne r  contour w a s  
noted t o  vary s l i g h t l y  between f i r i n g s ,  t h e  exac t  l o c a t i o n  (depth wi th  r e spec t  
t o  t h e  su r face )  w a s  n o t  accu ra t e ly  known. 
w a s  l oca t ed  a t  a depth of approximately 0.44 as noted i n  F igure  22, t h e  com- 
pa r i son  of measured and p red ic t ed  temperatures  i n  F igure  23 i s  v a l i d .  
Thus, provided t h e  thermocouple 
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I V .  Thermal Response Ca lcu la t ions  (cont)  
Presumably, a b e t t e r  comparison i s  noted i n  F igure  25. 
a comparison between t h e  p red ic t ed  temperature p r o f i l e s  f o r  IBT-100 (Figure 2 4 )  
and t h a  TC d a t a  of f i r i n g  111-5. I n  t h i s  test t h e  thermocouple w a s  w i t h i n  t h e  
zone which eroded during t h e  f i r i n g .  This i s  ind ica t ed  by t h e  l o s s  of s i g n a l  
a t  9.7 sec a t  a measured va lue  of 2237°F. 
These d a t a  r ep resen t  
S imi la r  d a t a  a rep resen ted  f o r  IBS-107 i n  F igures  26 and 27.  Again, i f  
t h e  TC l o c a t i o n  w a s  0.35 i n .  below t h e  o r i g i n a l  s u r f a c e  then  a reasonable  com- 
pa r i son  e x i s t s .  
The a n a l y t i c a l  model p r e d i c t s  thermal growth as a func t ion  of t i m e  per  
Two d i s t i n c t l y  d i f f e r e n t  h e a t  f l u x  environments are t h e  curves of Figure 28. 
presented.  The f i r s t  r ep resen t s  t h e  low-heat f l u x  reg ions  where n e g l i g i b l e  
s u r f a c e  removal occurs ,  only char r ing .  A s  noted,  t h e  curves which r ep resen t  
t h e  i n t e r f a c e  between v i r g i n  and charred zone (about 500°F), i n d i c a t e s  a 
growth rate which is no t  l i n e a r  b u t  varies as t h e  square  r o o t  of t i m e .  I n  
t h e  second region,  t h e  e ros ion  rate being high, t h e  cha r  growth approximates 
a l i n e a r  rate, HOwever,  i t  i s  noted t h a t  due t o  t h e  aforementioned v a r i a t i o n  
i n  hea t ing  rate due t o  e ros ion ,  t h e  e ros ion  rate is  no t  q u i t e  l i n e a r  b u t  de- 
creases s l i g h t l y  during t h e  f i r i n g .  A s  t h i s  d a t a  i n d i c a t e s ,  care must be  
exerc ised  i n  i n t e r p r e t i n g  experimental  e ros ion  d a t a  on t h e  b a s i s  of average 
th ickness  l o s s  rates. 
a n a l y t i c a l  c a l c u l a t i o n s  us ing  t h e  procedures ou t l ined  above. 
A b e t t e r  method is  t o  match the measured char  depth by 
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NOMENCLATURE 
Symbol 
At 
5 
A 
B 
B '  
C 
- 
P 
cW 
E 
E' 
h '  
C 
hc 
BL i 
'ch 
M 
n 
P 
P 
C 
r 
4 C  
R 
r 
A r  
2 Throat area, i n .  
Erosion rate, i n .  / sec  
Pre-exponential  c o e f f i c i e n t  i n  Equation 6 
Frequency f a c t o r ,  l / sec  
Cor re l a t ion  parameter f o r  e ros ion  
S p e c i f i c  hea t  of combustion products ,  Btu/lb°F 
Mass flow c o e f f i c i e n t ,  l / sec  
Ac t iva t ion  energy, cal/mole 
E/R,  O K  
2 
hc/cp, l b / h r  f t  
2 - Convective hea t  t r a n s f e r  c o e f f i c i e n t ,  Btu/hr f t  O F  
Enthalpy, Btu / lb  
Mass rate of char ,  l b / s e c  
Mach number 
Order of r e a c t i o n  
Chamber pressure ,  l b / i n .  
P r a n d t l  number 
Convective h e a t  f l u x ,  Btu/hr  f t  
Gas cons t an t ,  cal /mole O K  
Radius, i n .  
Measured material l o s s ,  i n .  
2 
2 
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Symbo 2 
TO 
T 
W 
TLR 
T~~ 
T 
v 
W 
NOMENCLATURE (cont) 
Stagnation temperature, O F  or O R  
Absolute temperature, O K  
Sample welght, mg 
Thickness loss rate, in. /sec 
Adiabatic wall temperature, O F  or OR 
Surface temperature, O F  or OR 
Local velocity, ft/sec 
Greek Symbols 
Y - isentropic exponent 
P - density, lb/ft 
B - TGA heating rate, "C/min 
Q - Order of reaction 
0 - Time, mln or sec 
a - See Equation 6 
3 
Subscripts 
i - i th component 
0 - initial 
r - remaining 
f - final 
C - char 
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HC 1 
N2 
H2° 
H2 
O2 
0 
OH 
c1 
NO 
c12 
H 
co 
c02 
S i o  
S i 0 2  
A 1  
A l C l  
A 1 C 1 2  
A1C13 
A10 
A l O O l  
A1203 
Fe 
FeCl 
FeC12 
Mol. W t .  
Temp, OF 
Gas Composition, moles/100 g P r o p e l l a n t  
Chamber Pressure ,  500 psia 
Chamber Exhaust 
0.4768 
0.3083 
0.6046 
0.9637 
0.0008 
0.0034 
0.0399 
0.0481 
0.0030 
0.0001 
0.1423 
0.8887 
0.0700 
0 0033 
0.0001 
0.0004 
0.0123 
0.0221 
0.0004 
0.0003 
0.0001 
0.2636 
0.0006 
0.0043 
- 
27.829 
5626 
0.5716 
0.3098 
0.5815 
1.0196 
- 
- 
0.0019 
0.0084 
0.0001 
- 
0.0201 
0.8711 
0,0876 
0.0033 
- 
- 
0.0001 
0.0010 
- 
- 
- 
0.2808 
- 
0.0046 
0.0004 
28.729 
3714 
0.4807 
0.3085 
0.6145 
0.9680 
0.0006 
0.0023 
0.0340 
0.0392 
0 0026 
0.0001 
0.1159 
0.8886 
0.0701 
0.0033 
0.0001 
0.0003 
0.0108 
0.0250 
0.0006 
0.0002 
0.0001 
0.2629 
0.0005 
0.0044 
- 
28.009 
5734 
0.5787 
0.3098 
0.5723 
1.0331 
- 
- 
0.0004 
0.0025 
- 
- 
0.0059 
0.8626 
0.0961 
0.0023 
0.0010 
- 
- 
- 
- 
- 
- 
0.2813 
- 
0.0042 
0.0007 
28.380 
3320 
Combustion Gas Compositions of ANB-3254 P r o p e l l a n t  
F igure  1 
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TI-W704B 
I B C - 1 1 1  
IBC-101 
IBS- 10 9 
IBS-107 
9480. 
646.1 
2.658 x lo9  
1 7  3.14 x 10 
1.972 x lo9  
4 1.835 x 10 
9.818 x 10 
NO TGA 
7 5.528 x 10 
3.98 
6.87 x l o 2  
E '  rl 
17024. 1.524 
9592. 1.704 
34794 * 3.708 
51084. 5.725 
33156. 3.188 
187 74 1.225 
36684. 1.727 
(LIKE IBT-100) 
26424. 3.07 
8890. 1.964 
16051. 1.855 
F i n a l  Weight i n  Percent  
of O r i g i n a l  Value 
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**Second Reaction 
Decomposition Rate Constants of I n t e r n a l  
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I- 1 
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111-5 
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Predicted** 
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0.087 
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0.076 
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Predic ted  0.071 
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Predic ted  0.084 
* I n i t i a l  Mach Number 
**Based on a 20% d e n s i t y  loss 
, I  
Analysis  S t a t i o n  
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0.473 
0.63 
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4 (0.135)* 
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0.232 
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4 (0.135)* 
0.275 
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0.251 
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Comparison of Measured Erosion w i t h  Predic ted  Resul t s  
Figure 20 
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